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https://doi.org/10.1016/j.celrep.2021.108947SUMMARYDuring mitochondrial fission, key molecular and cellular factors assemble on the outer mitochondrial mem-
brane, where they coordinate to generate constriction. Constriction sites can eventually divide or reverse
upon disassembly of the machinery. However, a role for membrane tension inmitochondrial fission, although
speculated, has remained undefined. We capture the dynamics of constricting mitochondria in mammalian
cells using live-cell structured illumination microscopy (SIM). By analyzing the diameters of tubules that
emerge from mitochondria and implementing a fluorescence lifetime-based mitochondrial membrane ten-
sion sensor, we discover that mitochondria are indeed under tension. Under perturbations that reduce mito-
chondrial tension, constrictions initiate at the same rate, but are less likely to divide. We propose a model
based on our estimates of mitochondrial membrane tension and bending energy in living cells which ac-
counts for the observed probability distribution for mitochondrial constrictions to divide.INTRODUCTION
Mitochondria are highly dynamic organelles, transported
through the cytoplasm along cytoskeletal networks while they
change in size and shape (Nunnari et al., 1997; Youle and van
der Bliek, 2012). Mitochondrial dynamics and network connec-
tivity have been linked to bioenergetic function, allowing the
adaptation of cellular energy production in response to stress
(Gomes et al., 2011; Rambold et al., 2011; Tondera et al.,
2009) and regulation of the cell cycle (Mitra et al., 2009). Mito-
chondria cannot be generated de novo, but instead must prolif-
erate by fission, also referred to as division (Youle and van der
Bliek, 2012). Thus, fission plays an important role in ensuring
the cellular inheritance of mitochondria, as well as being impli-
cated in quality control by acting as a step in the mitophagic
pathway (Burman et al., 2017; Twig et al., 2008).
In mammalian cells, the known mitochondrial fission machin-
ery assembles on the outer surface of the organelle. Initially,
the fission site is marked by a pre-constriction defined by con-
tact with endoplasmic reticulum (ER) tubules (Friedman et al.,
2011) and deformed by targeted actin polymerization (Ji et al.,
2015; Korobova et al., 2013; Manor et al., 2015) and myosin II
contraction (Hatch et al., 2014; Korobova et al., 2014; Yang
and Svitkina, 2019). Subsequently, surface receptors such as
MiD49/51 (Palmer et al., 2011) or Mff (Gandre-Babbe and van
der Bliek, 2008; Otera et al., 2010) accumulate at the pre-This is an open access article undconstriction site and recruit dynamin-related protein (Drp1) (Lab-
rousse et al., 1999; Smirnova et al., 2001). Drp1 oligomerizes into
helices that wrap around the division site, and hydrolyzes guano-
sine triphosphate (GTP) to provide a mechanochemical force for
constriction (Fröhlich et al., 2013; Ingerman et al., 2005; Kalia
et al., 2018;Mears et al., 2011). In addition, the dynamin 2 protein
(Dyn2) can play a role in fission downstream of Drp1 (Lee et al.,
2016), albeit a non-essential one (Fonseca et al., 2019; Kamerkar
et al., 2018). Interestingly, deformations induced by exogenous
mechanical forces can also trigger recruitment of the down-
stream machinery for mitochondrial fission (Helle et al., 2017).
This underlines the fundamentally mechanical nature of mem-
brane fission processes.
An additional factor, membrane tension, is known to play a
crucial role in other processes involvingmembrane deformations
such as exocytosis (Gauthier et al., 2011), endocytosis (Morlot
et al., 2012; Riggi et al., 2019; Roux et al., 2006), cytokinesis (La-
faurie-Janvore et al., 2013), and cell protrusion (Raucher and
Sheetz, 2000). Tension in the plasma membrane is a conse-
quence of built-in bilayer tension and stresses from the cytoskel-
eton and its motors (Keren et al., 2008; Kozlov and Mogilner,
2007), which together can affect the ability of an applied force
to drive membrane fission (Morlot et al., 2012; Roux et al.,
2006). In budding yeast, membrane tethers anchoring mitochon-
dria to the cell cortex promote mitochondrial fission, perhaps by
increasing membrane tension (Klecker et al., 2013). However,Cell Reports 35, 108947, April 13, 2021 ª 2021 The Author(s). 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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OPEN ACCESSthe role and origins of mitochondrial membrane tension remains
little explored in mammalian cells. This is in part because it is
challenging to quantify the tension, even in relative terms, in a
live-cell context.
Here, we report a key role for membrane tension in governing
mitochondrial division in mammalian cells. Using time-lapse su-
per-resolution imaging, wemeasured dynamic changes in mem-
brane shape to identify highly constricted sites with diameters
<200 nm. We observed that the presence of the fission machin-
ery, while necessary, is not sufficient to ensure division. We
found that constrictions were more likely to result in division
when mitochondria were under higher membrane tension. A
fluorescence lifetime imaging microscopy (FLIM) mitochondrial
membrane tension sensor (Goujon et al., 2019) revealed that
mitochondrial membrane tension was reduced following myosin
II inhibition or depolymerization of the microtubule network, a
condition that resulted in the same frequency of constriction initi-
ation, but a lower frequency of fissions. Finally, based on our
measurements in living cells, we propose a physical model for
mitochondrial division in which membrane tension combines
with bending energy during constriction to govern the probability
of fission.
RESULTS
Constriction by the division machinery does not ensure
fission
We performed live-cell structured illumination microscopy (SIM)
imaging of COS-7 cells transiently transfected with Drp1-
mCherry and GFP targeted to the matrix by the mitochondrial
targeting sequence from subunit VIII of human cytochrome c ox-
idase (mito-GFP). We observed that some constrictions marked
byDrp1-mCherry proceeded to fission (Figures 1A and S1; Video
S1), but others lost enrichment of Drp1 without dividing and
relaxed to an unconstricted state (‘‘reversal’’) (Figures 1B and
S1; Video S2). Similar reversible or ‘‘non-productive’’ Drp1 con-
strictions were previously reported in yeast (Legesse-Miller et al.,
2003) and mammalian cells (Ji et al., 2015); however, their
cause was unclear. For quantification purposes, we defined re-
versals as Drp1-enriched constriction sites that reached a diam-
eter <200 nm before relaxing, well below themeanmitochondrial
diameter of 500 nm (Figures 1C, 1D, S1, and S2). Overall, 66%
of constriction sites underwent fission (n = 112), while the re-
maining 34% ended as reversals (n = 57) (Figure S1).
To examine whether reversals result from differences in fission
machinery, we imaged several fission factors—the ER, Drp1,
and Dyn2. Since our SIM imaging was limited to 2 colors, we per-
formed fast (1 Hz), 3-color live-cell confocal imaging of mito-
chondria and Drp1, with either Dyn2 or the ER (Figures 1E–1L).
We found that Dyn2 could be present or absent at Drp1-medi-
ated constrictions, with 30%of fissions and 36%of reversals en-
riched in Dyn2 (n = 30 and 33, respectively) (Figures 1I–1L).
These observations are consistent with recent reports that
Drp1, but not Dyn2, is essential for mitochondrial division (Ka-
merkar et al., 2018). We further measured colocalization be-
tween Drp1-mediated mitochondrial constrictions and ER tu-
bules, as such contacts were shown to mark sites before
division (Friedman et al., 2011). We found that both fissions2 Cell Reports 35, 108947, April 13, 2021and reversals could occur at constrictions overlapping with ER
tubules (90% for fissions, n = 10, and 89% for reversals, n =
18; Figures 1E and 1G), which appear as peaks in intensity pro-
files along the constriction site (Figures 1F and 1H).
An accumulation of Drp1 at these sites typically coincided with
an increased rate of constriction, measured at 17 nm/s for fis-
sions and 18 nm/s for reversals during the 5 s leading up to
maximal constriction (Figure S1; n = 61 for fissions and n = 38
for reversals). Some sites underwent several cycles of constric-
tion and relaxation, coupled with Drp1 accumulation and disas-
sembly (Figure 1D). Cyclic dynamics could lead to either fission
or reversal (3 ± 2 constriction cycles/min, n = 61 fissions, and 2 ±
1 cycles/min, n = 38 reversals). Thus, neither abundance of Drp1
nor constriction rate or cyclic activity distinguishes fissions from
reversals.Fission events are characterized by increased
membrane tension
Tension can be estimated in vitro by pulling on a membrane and
measuring the size of the resulting membrane tubule (Derényi
et al., 2002; Evans and Yeung, 1994). Analogously, microtubule
motors in living cells can spontaneously extrude mitochondrial
membrane nanotubes (Huang et al., 2013; Wang et al., 2015)
(Figure 2A).We observed nanotubes just before fissions or rever-
sals, at similar frequencies (19% and 24% for n = 101 and n = 59,
respectively). We inferred themembrane tension by classical en-
ergy minimization, which gives a relationship between the nano-
tube diameter d, membrane tension t, and membrane bending
rigidity kB (Derényi et al., 2002; Evans and Yeung, 1994) (Fig-





The average diameters of tubules pulled frommitochondria that
subsequently either divided or reversed were 176 ± 4 and 229 ±
7 nm (mean± SEM), respectively (Figure 2C). Thus, the population
of mitochondria undergoing fission was on average under signifi-
cantly higher membrane tension at 5.81 ± 0.54 3 106 N/m,
compared to the population undergoing reversals at 3.85 ±
0.75 3 106 N/m (Figure 2D; n = 19 and n = 14, respectively,
means ± SEMs). To independently estimate membrane tension,
we examined the motion of dividing mitochondria. We noticed
that after division, daughter mitochondria would recoil away
from the division site, reminiscent of an elastic body being cut un-
der tension (Figure 2E; Video S3; Method details). We found
consistent tension values from analyzing this recoil motion
(Method details). Finally, we observed undulations in the shape
of some constricting mitochondria (11%, n = 88) (Cho et al.,
2017; Gonzalez-Rodriguez et al., 2015), a signature of increased
membrane tension, which invariably led to division (100%, n =
10; Figure S3A). These data show thatmitochondrial constrictions
that are under higher tension are more likely to undergo fission.Mitochondrial associations with the cytoskeleton
modulate membrane tension
Mitochondrial motion depends on actin andmicrotubule-associ-
ated motor proteins that anchor them to the cytoskeleton
Figure 1. Key molecular components are present at constriction sites that undergo reversals
(A and B) Time-lapse SIM imaging of COS-7 cells transiently transfected with mito-GFP (gray) and mCherry-Drp1 (magenta) showing an example (A) fission and
(B) reversal (see Videos S1 and S2).
(C) Mitochondrial constriction site diameter versus time for fission (blue) and reversal (red) events shown in (A) and (B).
(D) Integrated intensity of Drp1 at the constriction site over time measured for fission (blue) and reversal (red) events shown in (A) and (B), normalized to the
maximum value.
(E and G) Time-lapse live-cell confocal imaging of Mito-BFP, Drp1-GFP, and KDEL-RFP showing examples of fission and reversal.
(F and H) Intensity profiles of ER, Mito, and Drp1 intensities adjacent to the yellow dashed lines in (E) and (G).
(I and K) Time-lapse SIM imaging of mitochondria and Dyn2 showing a reversal at a Dyn2-enriched constriction site.
(J and L) Intensity profiles of ER, Mito and Drp1 intensities adjacent to the yellow dashed lines in (I) and (K).
Scale bar: 500 nm in (A) and (B). Scale bar: 1 mm in (E), (G), (I), and (K), and yellow arrows mark the constriction site.
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Svitkina, 2019); thus, we examined whether these interactions
generate mitochondrial membrane tension. To measure tension,
we used a mitochondrial-targeted mechanosensitive FliptR
probe (Figure S3B) (Colom et al., 2018; Goujon et al., 2019; Sol-
eimanpour et al., 2016). The fluorescence lifetime of FliptR de-
pends on the orientation between its chromophoric groups,
which is directly modulated by membrane tension (Figure 3).
We examined the effect of actomyosin contractility on mito-
chondrial membrane tension by inhibiting myosin II using ML-7
(Saitoh et al., 1987), and measuring the FliptR fluorescence life-
time. FliptR shows a significantly shorter average fluorescence
lifetime after ML-7 treatment compared to control cells, which
is indicative of a decreased membrane tension (Figures 3A–3C). We independently compared these results with another in-
hibitor of myosin activity, blebbistatin (Straight et al., 2003),
and found again a significant drop in the average fluorescence
lifetime (Figure 3C). Washing out blebbistatin or ML-7 showed
recovery of the fluorescence lifetime to the level of the untreated
control (Figure 3C). Thus, inhibition of myosin activity lowers
mitochondrial membrane tension in a reversible manner.
We next investigated the effect of microtubules on mitochon-
drial membrane tension. First, we performed FLIM imaging with
the mitochondria-targeted FliptR probe after depolymerizing mi-
crotubules with nocodazole (De Brabander et al., 1976; Hoebeke
et al., 1976). In nocodazole-treated cells, FliptR showed signifi-
cantly shorter average fluorescence lifetimes compared to con-
trol values, indicative of an overall reduction in mitochondrialCell Reports 35, 108947, April 13, 2021 3
Figure 2. Estimated membrane tension for fissions and reversals
(A) Time-lapse SIM images of a mitochondrion (mito-GFP) 1 s before (left) and
after (right) fission showing the recoil of daughter mitochondria post-fission.
Measured retraction velocities (red arrows) were projected perpendicular to
the constriction site (white dashed line).
(B) Fluorescence image showing a constricted mitochondrion with a pulled
membrane tube (boxed region). Scale bar: 1 mm.
(C) Mitochondrial contour from the outlined region in (A) showing the diameter
of the tube d, used as a readout for tension t.
(D) Distribution of tubule radii measured between fission and reversal events.
(E) Distribution of calculated membrane tension values between fission and
reversal events.




OPEN ACCESSmembrane tension (Figures 3D–3F). Following nocodazole
washout, however, mitochondria did not recover their tension
over a span of hours and showed reduced mobility (M€uller
et al., 2005), perhaps due to a residual reduction in mitochon-
dria-microtubule associations. Second, we quantified post-divi-
sion mitochondrial recoil, post-nocodazole treatment. Although
cell and organelle morphologies were maintained (Figures S3C
and S3D), we observed a decrease in recoil velocities (Figure 3G)
consistent with an estimated reduction in membrane tension of
40% (Method details, n = 33 control and n = 26 nocodazole).
These data indicate that mitochondrial membrane tension is
reduced in the absence of microtubules.4 Cell Reports 35, 108947, April 13, 2021Having established that nocodazole treatment reduces mito-
chondrial membrane tension, we examined its impact on
mitochondrial division. Importantly, the rate of Drp1-induced
constrictions initiated per mitochondrial area was unperturbed
by nocodazole treatment (0.014 min1 mm2). Furthermore,
the degree of overlap between mitochondria and ER remained
unchanged (Figures S3C–S3G), as did membrane potential
and mitochondrial diameter (Figures S3H and S3I), suggesting
that mitochondrial physiology and the ability of the division ma-
chinery to constrict were unaffected by nocodazole treatment.
However, we found a 2.4-fold increase in the rate of reversal
events, and a concomitant decrease in the rate of fission (Fig-
ure 3H). Thus, a nocodazole-induced reduction in membrane
tension did not change the initiation of Drp1-mediation constric-
tions, but did reduce their efficiency significantly.
A model for mitochondrial fission: tension modifies the
energy landscape
The fission process can be represented as an energy land-
scape in which the elastic energy stored in the mitochondrial
membrane must overcome an energy barrier to fission, Ef. Dur-
ing constriction, the local elastic energy increases through ten-
sion and bending of the membrane. To estimate the energy
barrier to fission, we used the shape of mitochondrial constric-
tions (Figures S4A–S4C) to numerically evaluate the Helfrich
equation (Helfrich, 1973) (Figures 4 and S4D–S4I; Video S4;
Method details). We calculated the probability of fission p(E),
defined experimentally as the ratio of the number of fissions
to constrictions, for a given bending energy E. p(E) increases
with local bending energy, and by determining the bending en-
ergy at which all constrictions result in fission (p(E) = 1), we
could estimate the energy barrier to fission as 300 kBT. This
is a lower bound, considering that higher curvatures would be
obscured by our limited spatial resolution. Nevertheless,
considering that mitochondria are double-membraned organ-
elles, this estimate is consistent with simulations of dynamin-
mediated scission (Morlot et al., 2012), as well as theoretical
estimates for a hemifission state, which spontaneously leads
to fission (Kozlovsky and Kozlov, 2003).
To test the effect ofmembrane tension on the energy landscape
for fission,wecompared theexperimental probability of fissionbe-
tween control and nocodazole-treated cells. We found that higher
bending energies were required when membrane tension is
reduced (Figure 4B). Therefore, achieving a similar probability of
fission would now require more deformation to overcome the en-
ergy barrier (Figure 4C; n = 33 control and 22 nocodazole).
We also noticed that Drp1 appeared to reside for longer time pe-
riods at mitochondrial constriction sites in nocodazole-treated
cells. Fission events in nocodazole-treated cells required on
average12 ± 7 s longer (mean ± SEM; Figure 4D; n = 33 control
and n = 22 nocodazole), reflecting decreased fission probability
and consistent with a major role for membrane tension in driving
the final step of fission.
DISCUSSION
We report that membrane tension plays a key role in governing
mitochondrial fission. What sets membrane tension?
Figure 3. Membrane tension under perturbations to the cytoskeleton
(A and B) Confocal (top) and FLIM (bottom) images of mitochondria in cells stained with the mitochondria-targeted FliptR fluorescent tension probe under (A)
control conditions and (B) ML-7 treatment.
(C) Distributions of average fluorescence lifetimes of the FliptR fluorescent tension probe between control, blebbistatin-treated cells, ML-7-treated cells, and
washouts.
(D) Distributions of bulk average fluorescence lifetimes of the FliptR fluorescent tension probe between control and nocodazole-treated cells.
(E and F) Confocal (top) and FLIM (bottom) images of mitochondria in cells stained with the mitochondria-targeted FliptR fluorescent tension probe under (E)
control conditions and (F) nocodazole treatment.
(G) Distribution of recoil speeds of mitochondria post-division, between control and nocodazole treated cells.
(H) Box chart showing rates of fission and reversal in nocodazole treated (n = 16) and control (n = 16) cells (SIM videos with 6-s temporal resolution). The central
line marks the median, and the bottom and top of the box mark the 25th and 75th percentiles, respectively.
Scale bars: 1 mm. Line marks the mean of the distribution. Statistical significance calculated by 1- or 2-tailed Mann-Whitney U test: *p < 0.05, **p < 0.01,
****p < 0.0001, n.s., not significant.
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mitochondrial transport in mammalian cells (Boldogh and Pon,
2007; Moore and Holzbaur, 2018), and the piconewton forces
exerted by these motor proteins are sufficient to induce tension
by locally pulling or anchoring mitochondria. In addition, the
actomyosin network, which constricts mitochondria and regu-
lates Drp1 recruitment (Chakrabarti et al., 2018; Ji et al., 2015;
Korobova et al., 2014; Manor et al., 2015), accumulates at the di-
vision site (Yang and Svitkina, 2019). Thus, cytoskeletal net-
works may locally regulate mitochondrial membrane tension,
possibly through stochastic contractility.How might tension promote mitochondrial division? Elastic
energy due to constriction from the division machinery, com-
bined with tension, brings membranes closer to fission (Figures
4E and 4F). In a model proposed for dynamin-mediated endocy-
tosis, thermal fluctuations of the membrane overcome the en-
ergy barrier to fission (Morlot et al., 2012). We propose that
that tension fluctuations could play an analogous role for mito-
chondria. Both microtubule- and actin-dependent motor
proteins can generate piconewtons of force on millisecond time-
scales (Carter and Cross, 2005; Finer et al., 1994). This suggests
that tension may be modulated several orders of magnitudeCell Reports 35, 108947, April 13, 2021 5
Figure 4. Fission timing and probability related to bending energy and tension
(A) Left: histogram of fissions and reversals at different local bending energy intervals. Right: experimental probability of fission at different local bending energy
intervals.
(B) Experimental probability of fission of control and nocodazole-treated cells.
(C) Distribution of final bending energies between control and nocodazole-treated fission events.
(D) Distribution of fission times between control and nocodazole-treated fission events.
(E) Illustration of the probabilistic model of mitochondrial fission showing the contribution of bending energy (green line) and membrane tension (orange-shaded
area) in reaching the energy barrier for fission (gray dashed line). Both bending energy and tension set the probability p of fission (blue line). Reversals occur either
due to a lack of bending energy or the low probability of necessary fluctuation energies.
(F) Schematic representation of the different contributions to fission probability: bending energy (magenta) and tension (blue).
Line marks the mean of the distribution. Statistical significance calculated by 1- or 2-tailed Mann-Whitney U test: *p < 0.05.
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OPEN ACCESSfaster than it takes amitochondrion to divide. Fluctuations in ten-
sion could then stochastically deform mitochondrial mem-
branes, storing additional elastic energy at the constriction site
to overcome the energy barrier to fission. According to such a
model, since constrictions cannot be maintained indefinitely,
mitochondrial constriction sites that do not experience a large
enough fluctuation during their lifetime will become reversals.
This model is supported by our independent estimates of the en-
ergy contribution from tension and the magnitude of the mean
fluctuation energy extracted from the experimental probability
of fission, both of which are 50 kBT, far greater than thermal
fluctuations (Method details). Consistent with the proposed
role for the cytoskeleton in generating tension, mitochondria in
nocodazole-treated cells have an elevated probability of
reversals.
The role of tension in mitochondrial fission may contribute to
mitochondrial genome maintenance and distribution across the
network. For instance, mitochondrial division has been observed
to take place near replicating nucleoids (Lewis et al., 2016), the6 Cell Reports 35, 108947, April 13, 2021presence of which may create ‘‘rigid islands’’ that alter the me-
chanical properties at adjacent constriction sites (Feng and
Kornmann, 2018), making them more likely to divide according
to our model. Such internal mechanisms could simultaneously
control the position and fate of mitochondrial constrictions.
Furthermore, our work suggests that cytoskeletal remodeling
could affect global mitochondrial proliferation through modu-
lating mitochondrial membrane tension. This is consistent with
the strong dependence of mitochondrial network morphology
on the cell cycle, although direct mechanisms remain to be
discovered.STAR+METHODS
Detailed methods are provided in the online version of this paper
and include the following:
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OPEN ACCESSEXPERIMENTAL MODEL AND SUBJECT DETAILS
African green monkey kidney (Cos-7) cells were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) at 37C and 5% CO2. The Cos-7 cell line was provided by HPA culture collections, which operates with ECACC
and uses STR profiling for authentication. Gender of the animal from which Cos-7 cells were derived was not specified upon pur-
chased or independently examined.
METHOD DETAILS
Cell transfections and dye labeling
Cells were plated on 25 mm, #1.5 glass coverslips (Menzel) 16-24 h prior to transfection at a confluency of10̂ 5 cells per well. Dual
transfections containing mCh-Drp1 (Addgene, plasmid #49152) and Mito-GFP (gift from Hari Shroff, Cox8a presequence) were per-
formed with either Lipofectamine 2000 (Life Technologies) or using electroporation (BioRad Xcell). Lipofectamine transfections were
carried out in Opti-MEM using 150 ng of mCh-Drp1, 150 ng of Mito-GFP and 1.5 mL of Lipofectamine 2000 per 100 mL Opti-MEM.
Electroporation was performed using salmon sperm as a delivery agent. Briefly, cells were pelleted by centrifugation and resus-
pended in OPTI-MEM. Plasmids and sheared salmon spermDNAwere added to 200 mL of the cell suspension prior to electroporation
using a Bio-Rad Gene Pulser (190 U and 950 mFD).
Triple transfections containing mCh-Drp1, Mito-BFP (Addgene, plasmid #49151) and Dyn2-GFP (gift from Gia Voeltz) were per-
formed with Lipofectamine 2000. Such transfections were carried out in using 80 ng of mCh-Drp1, 100 ng of Dyn2-GFP and
80 ng of Mito-BFP and 1.5 mL of Lipofectamine 2000. Dual color imaging of dynamin was performed using double transfections of
either 100 ng Dyn2-GFP and 150 ng Mito-Scarlet, or 100 ng Dyn2-mCherry and 150 ng Mito-GFP. Triple transfection containing
Mito-BFP, Drp1-GFP and KDEL-RFP were performed with Lipofectamine 2000. Such transfections were performed using 100 ng
Mito-BFP, 100 ng Drp1-GFP and 100 ng KDEL-RFP. All quantities listed are per well of cells containing 2 mL of culture medium
and carried out with Opti-MEM. The Lipofectamine mixture sat for 20 min before its addition to cells.
All imaging conditions were reproduced multiple times, with at minimum 3 replicates per experimental condition.
Drug treatment
Nocodazole was diluted to a stock solution of 10 mM in DMSO. To depolymerize microtubules, cells were incubated with 10mMNo-
codazole (Sigma-Aldrich) for 1h before imaging (1 mL Nocodazole per 1000 mL medium). Control cells were incubated with the equiv-
alent volume of DMSO for 1h before imaging (1 mL DMSO per 1000 mL medium).
Blebbistatin was diluted to a stock solution of 50mM in DMSO. Cells were incubated with 50mMBlebbistatin (Sigma-Aldrich) for 1h
before imaging (5 mL Blebbistatin per 1000 mL medium). Control cells were incubated with the equivalent volume of DMSO for 1h
before imaging (5 mL DMSO per 1000 mL medium).
ML-7 was diluted to a stock solution of 50 mM in DMSO. Cells were incubated with 50mMML-7 (Santa Cruz Biotechnology) for 1h
before imaging (5 mL ML-7 per 1000 mL medium). Control cells were incubated with the equivalent volume of DMSO for 1h before
imaging (5 mL DMSO per 1000 mL medium).
All drug experiments and controls were reproducedmultiple times, with aminimumof three replicates per condition. For each repli-
cate, a minimum of five cells were measured.
FliptR synthesis
The FliptR probe was synthesized following previously reported procedures (Colom et al., 2018). For mitochondrial targeting, com-
pounds 2,3 and 5 were synthesized and purified according to reported procedures (Goujon et al., 2019) (Figure S3B). Figure S3 The
probe is also commercially available from Spirochrome.
The probe can report onmembrane tension as reported in Colom et al. (2018). Spectroscopic characterizations, mechanosensitive
behavior in LUVs and GUVs of various lipid compositions, colocalization studies in mitochondria and response of fluorescence life-
time to osmotic shocks (i.e., membrane tension changes) have been performed (Goujon et al. (2019)).
Microscopy and image reconstruction
SIM imaging and reconstruction
Fast dual-color SIM imaging was performed at Janelia Farm (Fiolka et al., 2012) with an inverted fluorescence microscope
(AxioObserver; Zeiss) using an SLM (SXGA-3DM; Fourth Dimension Displays) to create the illumination pattern and liquid crystal
cell (SWIFT; Meadowlark) to control the polarization. Fluorescence was collected through a 100X 1.49 NA oil immersion objective
and imaged onto a digital CMOS camera (ORCA-Flash4.0 v2 C11440; Hamamatsu). Time-lapse images were acquired every 1 s
for 3-5 min, with 50 ms exposure time. Fast dual color imaging of mitochondria and Drp1 was performed at 37C with 5% CO2,
in pre-warmed DMEM medium. Dual-color SIM imaging for Nocodazole and Dyn2 experiments was performed on an inverted fluo-
rescence microscope (Eclipse Ti; Nikon) equipped with an electron charge coupled device camera (iXon3 897; Andor Technologies).
Fluorescence was collected with through a 100x 1.49 NA oil immersion objective (CFI Apochromat TIRF 100XC Oil; Nikon). ImagesCell Reports 35, 108947, April 13, 2021 e2
Report
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OPEN ACCESSwere captured using NIS elements with SIM (Nikon) resulting in temporal resolution of 1 s for single-color and 6-8 s for dual-color
imaging, with 50 ms exposure time. Imaging was performed at 37C in pre-warmed Leibovitz medium.
SIM images were reconstructed using a custom 2D linear SIM reconstruction software obtained at Janelia farm, as previously
described (Gustafsson, 2000; Gustafsson et al., 2008). Images were reconstructed using a generalized Weiner filter parameter value
of 0.02-0.05 with background levels of 100.
iSIM imaging and reconstruction
For iSIM experiments (Figure S3A), imaging was performed on a custom-built microscope setup as previously described (Curd
et al., 2015; York et al., 2013). The microscope was equipped with a 1.49 NA oil immersion objective (APONXOTIRF; Olympus),
with 488 nm and 561 nm excitation lasers and an sCMOS camera (Zyla 4.2; Andor). Images were captured at 0.1-0.3 s temporal
resolution for both channels. All imaging was performed at 37C in pre-warmed Leibovitz medium. Raw iSIM images were decon-
volved using the Lucy-Richardson deconvolution algorithm (Lucy, 1974; Richardson, 1972) implemented in MATLAB, run for 40
iterations.
Confocal imaging
Confocal imaging was performed on an inverted microscope (DMI 6000; Leica) equipped with hybrid photon counting detectors
(HyD; Leica). Fluorescence was collected through a 63x 1.40 NA oil immersion objective (HC PL APO 63x/1.40 Oil CS2; Leica). Im-
ages were captured using the LAS X software (Leica). All imaging was performed at 37C in pre-warmed Leibovitz medium.
STORM imaging and reconstruction
For STORM imaging (Figure S2A–S2C), prior to staining, cells were washed with PBS (Sigma). Cells were incubated withMitoTracker
Red CMXRos (LifeTechnologies) at a concentration of 500 nM for 5 minutes, before washing again with PBS.
For measuring mitochondrial membrane potential, cells were incubated with 100 nM TMRE (Abcam, ab113852) for 10 minutes
before time-lapse measurements.
STORM imaging was performed at room temperature in a glucose-oxidase/catalase (Glox) oxygen removal buffer described pre-
viously (Shim et al. (2012)). Briefly, a 2% glucose solution is prepared in DMEM (GIBCO). Glucose oxidase (0.5 mg/mL) and catalase
(40 mg/mL) were added to the glucose solution and the pH was left to drop for 30-60 min. After this time, the pH was adjusted to 7
yielding a final solution with 6.7% HEPES. Imaging was performed on an inverted microscope (IX71; Olympus) equipped with a 100x
NA 1.4 oil immersion objective (UPlanSAPO100X; Olympus) using an electron multiplying CCD camera (iXon+; Andor Technologies),
with a pixel size of 100 nm. Laser intensities were between 1-5 kWcm-2.
For STORM datasets, single molecules were localized using the RapidSTORM v3.3 software (Wolter et al., 2012). Local signal-to-
noise detection with a threshold value of 50 was used. Peaks with a width between 70-300 nm and at least 200 photons were
rendered for the final STORM image.
FLIM acquisition and analysis
For FLIM imaging with themitochondria-targeted FliptR probe, cells were incubated with 500 nM of the probe solution for 15min, and
images without washing. Imaging was performed using a Nikon Eclipse TI A1R microscope equipped with a time-correlated single-
photon counting module from PicoQuant. Imaging was performed at 37C, with 5% COe in standard growth medium. A pulsed
485 nm laser (PicoQuant LDH-D-C-485) was used for excitation, operated at 20 MHz. The emission was collected through ha
600/50 nm bandpass filter, on a gated PMA hybrid 40 detector and a PicoHarp 300 board (PicoQuant).
FLIM data was analyzed using the SymPhoTime 64 software (PicoQuant). To determine the fluorescence lifetimes, the fluores-
cence decay data was fit to a double exponential model after deconvolution for the calculated impulse response function. The values
reported in the main text are the average lifetime intensity.
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantifying presence of ER, Dyn2 or Drp1
To assess the presence of different components of the division machinery at mitochondrial constrictions, line profiles were drawn
along the length of themitochondrion by hand with a 5 pixel thickness using Fiji (Schindelin et al., 2012). The presence of one of these
components was marked by a signal > 3 times above background levels within 1 mm of the construction site (marked by a dip in the
mitochondrial marker).
Quantification of rounds of Drp1 constriction
To count the number of rounds of constriction by Drp1, we superimposed the normalized Drp1 intensity with the constriction diam-
eter. Local maxima in the normalized Drp1 signal that overlapped with a constriction diameter < 200 nmmarked a round of constric-
tion, which ended either in a decrease of Drp1 accompanied by a diameter > 200 nm, or by fission.
Mitochondrial shape and motion analysis
Images were first segmented using the open-source software ImageJ/Fiji (https://fiji.sc) and the Weka Segmentation V3.2.17 plugin
(Arganda-Carreras et al., 2017) with the resulting probability map used as the segmented image. Subsequent analysis was performed
using a customMATLAB functions which contoured the mitochondria and created a backbone with a mesh. This allowed us to mea-
sure the diameter and curvature along the constricted mitochondrion, and hence estimate the local bending energy. Tracking thee3 Cell Reports 35, 108947, April 13, 2021
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OPEN ACCESSposition of the constriction site allowed us to measure the local Drp1 intensity. Tracking the leading edge of divided daughter mito-
chondria was used to estimate the membrane tension prior to fission.
The customMATLAB package can be found on theGithub repository (https://github.com/LEB-EPFL/MitoWorks) and allowed us to
perform the summarized steps (Figure S6):
1. mitoTrack: Identify mitochondria in the segmented image and find nearest neighbor mitochondria in the subsequent frame.
Mitochondrial tracks are made up of nearest neighbor mitochondrial centers of mass (using the knnsearch function built
into MATLAB) in consecutive frames. The tracked mitochondrion of interest is then cropped from both segmented and original
time-lapse images for different channels
2. genContour: Create contour of themitochondrion of interest using a built-inMATLAB function based onChan-Vase active con-
touring of the segmented (Chan and Vese, 2001). A small Gaussian filter is applied prior to contouring. The generated contour is
then smoothed over a length scale of 170 nm, which was found to be optimal for eliminating noise without sacrificing enve-
lope curvature sensitivity. Contour smoothing was performed using a third-party function based on least-squares smoothing
for MATLAB (Jim, 2015).
3. mitoMesh: Create a backbone, or centerline, of themitochondrion of interest. The backbone is smoothed over a lengthscale of
150 nm. Use generated backbone to divide mitochondrion into smaller segments, with the boundaries represented by a
mesh, defined by lines drawn perpendicular to the backbone with subpixel spacing.
4. genCurv: measure the curvature along the contour of the mitochondrion using a third party ‘LineCurvature2D’ function for
MATLAB (Kroon, 2011).
5. minDiameterSearch: Use the diameters measured along themesh to track the position of the constriction site, andmeasure its
diameter.
6. measureBE: Use mesh to measure dimensions of individual segments. For each segment, use the measured diameters and
envelope curvatures to estimate the bending energy and bending energy density of that segment. Find the length scale that
maximizes the local bending energy density.
7. genFWHM: Generate FWHM based contour by fitting profiles plotted along the mesh with a Gaussian function. Connect the
measured widths at along the mitochondrion and smooth at a length scale of 170 nm to generate the FWHM contour.
Repeat minDiameterSearch and measureBE for FWHM contour.
8. measureDrp1: Measure the local Drp1 integrated intensity within a chosen radius around the constriction site. Radii used
for all datasets: 500 nm. Subtract background and bleach correct using a custom-written linear bleach correction func-
tion.
9. mitoPull: Repeat genContour andmitoMesh for daughter mitochondria after fission. Track the leading-edge retracting from the
constriction site, corrected for the motion of the whole mitochondrion, to estimate membrane tension, using a viscoelastic
model (Lafaurie-Janvore et al., 2013). For membrane tensions estimated from recoil motion, the retraction was fit to an expo-
nential decay function (y = a*exp(bx)), and extrapolated to zero.
To compare the snake and FWHM contours we simulated SIM images using a third-party SIM image generator (Alharbi, 2013).
Different shapes representing mitochondrial constriction sites at an SNR < 2, the typical value at mitochondrial constriction sites,
were simulated and used to generate snake and FWHM contours. We observed that although the measured minimum diameters
were comparable between the two contours, the snake contour was better at detecting high envelope curvatures (Figure S6). Hence
the analysis was performed on the snake contour.
To quantify morphological features of mitochondria and after nocodazole treatment, SIM time-lapse images before and after no-
codazole treatment were analyzed as follows: Mitochondrial membrane potential was analyzed by measuring mean fluorescence
intensity of single mitochondria (ROI defined by using Otsu thresholding and Analyze Particles Plugin) on SIM images and subtracting
the cytosolic background. The diameter ofmitochondria was determined by FWHMmeasurement profile across individual mitochon-
dria on time-lapse SIM recordings.
Estimating membrane tension using tubules
To estimate mitochondrial membrane tension, we used mitochondrial tubules – short-lived structures pulled out of mitochondria by
motor proteins (Huang et al., 2013; Wang et al., 2015). By drawing analogy to membrane pulling experiments (Derényi et al., 2002;









Where kB is the bending rigidity, taken as 20 kT for a single membrane (Niggemann et al., 1995). The radius of the tube wasmeasured
only when the motion of the tube stabilized, and before retraction. Mitochondrial tubules that did not retract and formed a branch on
the mitochondrion were not considered.Cell Reports 35, 108947, April 13, 2021 e4
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We used a visco-elastic model of the retraction of the mitochondrial membrane after fission to estimate the local membrane tension.












ðt = t0Þ3Eð0Þdt zvðt0Þ
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where s is the stress, u the strain, E the relaxationmodulus. Eð0Þ is approximated as the effective viscosity h at themoment of fission.
vðt0Þ is the retraction speed at the moment of fission and l0 the deformation length. l0 was taken as 250 ± 15 nm (mean ± SEM, n = 78
recoiling mitochondria from 39 fission events), averaged over all observed fissions. The deformation length was measured by
comparing the shape of mitochondria before and after fission. The viscosity was taken as 120 cP (Liu et al., 2014).
From there, we find the force F by multiplying the stress by the cross-sectional area A:
F = sAyspr2





This retraction-based tension estimate, determined from recoil velocities reported in the manuscript (Figure 3G), is lower due to low
temporal resolution, confirmed by comparing values from faster iSIM imaging (Figure S4J). Regardless, this method reports a real
relative difference in membrane tensions of fission events between control and nocodazole treated cells.
Estimating bending energy
To determine the area over which to measure the bending energy, we determined for the length scale that maximized the local
bending energy density. This was done by considering areas composed of increased numbers of segments around the constriction
site (Figure S4D). The appropriate length scale was then selected by finding the area at which the bending energy density (ratio of
bending energy and area) was maximal (Figures S4F and S4J). The bending energy was then considered at this length scale. The
length scales did not differ significantly between fissions and reversals (Figure S4H).







Where kB is the bending rigidity, J the sum of local principal curvatures along the constriction site and A the surface area of the
constriction site. The bending rigidity taken to be 20 kT, as previously reported for lipid bilayers (Niggemann et al., 1995). Since
we consider a double-membrane system, we take the value of kB = 40 kT.
The above equation was applied to a discretized contour of mitochondria. The contour was subdivided into small segments
sampled every 15 nm. The tube curvature was determined by calculating the average radius of the segment. The envelope curva-
ture was taken as the weighted average of the two envelope curvatures, located at each side of the segment. The envelope curva-
tures were weighted by the length of each side of the segment, and assumed to vary linearly across the two sides of the segment.
Finally, to calculate the surface area of the segment, we approximated the shape of the segment as a truncated cone. Therefore, for a






















ðRt;1  Rt;2Þ2 + h2
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Where CRtDseg is the average tube radius across the segment, l1 and l2 the side lengths of the two sides of the constriction site, CRe;1Dseg
and CRe;2Dseg the average envelope curvatures of the two sides of the constriction site, Rt;1 and Rt;2 the edge tube radii of the segment
and h the average length through the center of the segment (Figure S4).e5 Cell Reports 35, 108947, April 13, 2021
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Stochastic model for fission
Given a membrane bending energy E˛[0,Ef ], thermal fluctuations allow membranes to stochastically overcome the residual energy











Where in the case of thermal fluctuations, l = kB T. Fitting the measured experimental probability of fission (Figure 4A) to the equation
above, allowed us to estimate the fluctuation energy l90 kB T and the energy barrier to fission Ef 250-300 kB T .Fitting the equation
above to control and nocodazole-treated cells indeed shows that while the barrier to fission remains mostly unchanged, the size of
the energy fluctuations was decreased 6-fold in the nocodazole-treated condition (Figure 4B).
Estimating fluctuation transduction between inner and outer mitochondrial membranes
From our model, the fission probability is set by two factors: the distance from the energy barrier set by the bending energy and the
size of the available fluctuations arising from membrane tension. Each factor was considered separately.
By assuming a constant distance d between the two mitochondrial membranes (dz22 nm; Perkins et al., 1997), we can relate the
local principal curvatures of the outer mitochondrial membrane to the inner as follows (i denotes the inner mitochondrial membrane
and o the outer mitochondrial membrane) (Figure S5A):
Re;i = Re;t +dRt;i = Rt;o  d
Where Re and Rt are the envelope and tube radii of curvature respectively. This is supported by the observation from electron mi-
croscopy that cristae are excluded from constriction site (Hu, 2014). From this we can compute a readout for the bending energy









The inner mitochondrial membrane will intrinsically have a higher bending energy and will therefore be closer to the energy barrier to
fission (smaller residual energy DE). By comparing the bending energies of the twomembranes, we can see that on average the inner
membrane will have almost a two-fold higher bending energy (Figure S5C).
Any membrane tension-inducing force arising from the surroundings acting on the mitochondria is exerted through the outer mito-
chondrial membrane. We expect that coupling, which could arise from proteins spanning the two membranes such as Tim23 (Don-
zeau et al., 2000), transduces a part of the force from the outer to the inner membrane.










Where l reflects the magnitude of the fluctuations. We introduce a coupling variable u˛[0,1] such that li = ulo where li reflects the


























In this case, (u = 1), the inner mitochondrial membrane will always be less likely to undergo fission than the outer (Figure S5D). The
innermitochondrial membrane would therefore need to achieve higher energies to overcome the energy barrier, given the lower scale
of available fluctuation energies.Cell Reports 35, 108947, April 13, 2021 e6
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Where m represents the ratio of residual energies. This implies that the inner mitochondrial membrane can still have a higher prob-
ability of fission, even if the coupling to the outer membrane is not perfect (Figures S5E and S5F) and therefore will be more likely to
undergo fission (Figures S5E and S5F). For factors of m > 1, there will exist cases of imperfect coupling (u < 1), which will still give the
inner and outer membranes equal fission probabilities (Figures S5G–S5I). Furthermore, for a fixed ratio of bending energies mwe can
identify 3 regimes: (I) Pi < Po below a critical coupling (u < uc), (II) Pi > Po for (u > uc), and (III) Pi = Po at critical coupling (u = uc).




Therefore, as the inner membrane gets relatively closer to the energy barrier (increasing m), the required coupling will decrease (Fig-




Therefore, even in caseswhere the coupling is not perfect (u< 1), ourmodel predicts that the innermembrane can still undergo fission
first. Furthermore, in reality the ratio of bending energies m is expected to be even higher than 2, suggesting that the regime where the
inner membrane undergoes fission first can exist at even much lower degrees of coupling.
Estimating the energetic contribution of membrane tension
The contribution of stretching energy was found from two independent estimates below:
Method 1: Estimating stretching energy associated with measured membrane tensions
Based onmitochondrial geometry andmeasuredmembrane tension values, we calculate the stretching energy. We perform a calcu-
lation of the stretching energy based on the measured membrane tension values from iSIM data and mitochondrial tubules
(4.106N/m). Stretching energy Et due to membrane tension t and change in surface area DA, can be estimated as:
Et = tDA
By modeling a mitochondrion as a cylinder with diameter 1 mm and length 5 mm, and assuming a 0.3% stretch factor (Helfrich, 1973;
Wang et al., 2008), we estimated DA z0.05 mm2. Combining this estimate with the membrane tension estimate (4.106 N/m), we
obtain that the average energy contribution is 50 kT.
Method 2: Experimental estimation of stretching energy
When tension is applied to a membrane, it causes a change in area resulting in a stretching energy Et. Since stretching energy Et
scales linearly with membrane tension t, we have:






We can therefore approximate the constant of proportionality a by looking at the change in stretching energy produced by a change
in membrane tension. Specifically, we compared the difference in mean bending energies and mean membrane tensions between




Enoco  Ectrltnoco  tctrl
tctrl
Where Enoco, Ectrl are bending energies for nocodazole-treated and control cells respectively, tnoco, tctrl the membrane tensions for
nocodazole-treated and control cells respectively. This gives a value of Et of 40 kT, consistent with estimate 1 above.
Estimating fission time
To estimate the time of fission (Figure 4D), we examined the evolution of the constriction site diameter and local Drp1 intensity. The
fission time was then taken as the offset of the final increase of Drp1 and decrease in constriction diameter, which should correspond




Statistics were performed using MATLAB and OriginPro software. All datasets were tested for normal distribution using the D’Agos-
tino-Pearson normality test (significance value of 0.05) (Trujillo-Ortiz, 2015). If the datasets passed the test, then statistical signifi-
cance was determined using a two-tailed t tests. If datasets failed the normality test, a nonparametric test was chosen to compare
the significance of means between groups Mann-Whitney test for two samples (with one or two tailed distributions where appro-
priate) and Kruskal-Wallis ANOVA for multiple samples (Cardillo, 2015). p < 0.05 were considered as significant and were marked
by ‘*’; p < 0.01 with ‘**’, p < 0.001 by ‘***’ and p < 0.0001 by ‘****’ and can be found in the figure legends.
Sample sizes are reported as n within the manuscript or figure legends. Unless otherwise noted, graphs show mean values and
error bars represent the standard deviation. All plots in this work were generated using a third-party function for MATLAB to generate
shaded areas representing standard error (Rooney, 2003).Cell Reports 35, 108947, April 13, 2021 e8
